S
ignificant stenoses (Ն50%) related to ICAD are responsible for approximately 8%-10% of initial ischemic strokes.
1 "Best medical therapy" with platelet antiaggregation or surgical treatment by extra-to-intracranial bypass gives unsatisfactory results in the management of these patients, 2, 3 driving an emerging interest and rapid technical development in endovascular techniques for the treatment of ICAD.
Early results of PTA without the implantation of a stent showed this method to be an effective treatment for intracranial stenoses 4 ; however, issues like dissection and early elastic recoiling still persist, and experience with these procedures is limited. 5, 6 The options for stent treatment in intracranial stenotic disease include the implantation of a balloon-mounted bare metal or drug-eluting stent, originally designed for the coronary vasculature, 7, 8 application of a dedicated neurovascular balloon-mounted stent, 9 and balloon angioplasty followed by the implantation of a self-expanding stent. 10 Although the available literature is rather limited at the present, the best long-term results have been reported with the application of DESs, with reported hemodynamically significant ISR rates of no more than 5%, 8 ,11 compared with 13.8% seen with bare metal stents. 12 The trade-off, however, is the substantially worse initial technical success rate due to the stiffness of the DESs, rendering them frequently unusable in patients with elongated supra-aortic vascular anatomy. Selfexpanding stents (Wingspan, Boston Scientific, Natick, Massachusetts; Enterprise, Cordis, Miami Lakes, Florida), on the other hand, can be delivered in almost every anatomic situation, however, with reported ISR rates of Յ31%. 13, 14 ISR with Ͼ50% luminal loss may again cause cerebral ischemia; therefore, the treatment of these patients is mandatory. ISR typically has been attributed to the proliferation of vascular smooth muscle cells within the stented segment, finally resulting in a hemodynamically significant lumen loss, which is similar to or even worse than the original stenotic lesion. 15 Traditionally, the treatment option for these lesions was balloon dilation with or without the coaxial implantation of a second stent. This approach yields mostly good immediate results with complete lumen restoration. Angioplasty with a conventional bare surface balloon, however, does not interfere with the underlying pathomechanism of ISR and, therefore, frequently results in a series of several recurrent ISRs and reangioplasties. This occurs frequently in young patients with an initial stenosis of presumably vasculitic origin. 16 Published data on the treatment of ISR in the neurovascular field are, to our knowledge, sparse.
With the recent introduction of angioplasty balloons coated with the antiproliferative drug paclitaxel, it is now possible to restore the narrowed lumen and to biologically interrupt the pathomechanism of ISR at the same time. 17 Promising initial results have been reported on the application of these DEBs in ISR of the coronary and leg arteries. 18, 19 In the present case series of 51 consecutive patients with high-grade neurovascular ISRs, we compared the technical feasibility, safety, and midterm clinical and angiographic results of 63 balloon angioplasty treatments of intracranial ISR performed with either conventional balloons or DEBs
Materials and Methods

Patients
The present series comprises 51 consecutive patients (37 men, 14 women) with a mean age of 67 years (range, 34 -82 years) who underwent elective balloon dilation of 63 ISRs during a 34-month period between November 2007 and August 2010 at our institution by or under the supervision of the senior author, according to identical principles of pre-, peri-and postprocedural management.
The nature of their disease; the offered treatment in general; and the proposed off-label intracranial use of a peripheral, conventional coronary, or a coronary drug-eluting balloon with the potential alternatives were explained to all patients. We also explained that high recurrence rates with conventional balloons and device rigidity with DEBs are serious device-related issues and may contribute to procedural failure, complications, and symptomatic vessel occlusion in the midterm course after the procedure. (Within the German jurisdiction, off-label use of medical devices is exempted from prosecution under the following conditions: 1) The patient has a serious (eg, potentially life-threatening) disorder; 2) there is no reasonable or only a less favorable therapeutic alternative; 3) available scientific data justify the expectation that, with this device, a better if not successful outcome could be achieved; and 4) the patient or his or her legal representative is informed of the off-label character as well as the procedural risks and potential treatment alternatives.) All patients gave written informed consent to the intervention and follow-up angiographies.
Procedures
Endovascular treatment was offered to patients with an ISR with the following conditions: 1) The stenosis grade was Ն50%, 2) the lesion was progressive during follow-up (ie, the actual angiographic follow-up revealed a higher grade in-stent stenosis compared with the results of the previous examination), or 3) there were any recurrent neurologic symptoms related to the affected vascular territory. All patients were explicitly advised about the off-label intracranial use of the coronary DEB, including potential anticipated or unknown risks.
The preprocedural management included a neurologic examination, a brain MR imaging/MR angiography, and the administration of a loading dose of 500 mg of ASA and 600 mg of clopidogrel at least 1 day before the treatment. Dual antiplatelet medication was continued after the procedure with 100 mg of ASA and 75 mg of clopidogrel daily for 1 year and 100 mg of ASA daily thereafter.
All endovascular procedures were performed with the patient under general anesthesia via a 6F guiding catheter. Standard periprocedural medication included 5000 U of heparin IV, 500 mg of IV ASA, 2 mg of IA glycerin trinitrate, and 1000 mg of IV thiopental, immediately before balloon angioplasty. The target stenosis was visualized without other overprojecting vessels and with the least possible foreshortening.
Stenosis grades were determined by using the calibrated measurement software of the Axiom Artis DSA system (Siemens, Erlangen, Germany) according to the Warfarin Aspirin Symptomatic Intracranial Disease method. 20 Via the guiding catheter, the ISR was crossed with a 0.014-inch microguidewire (X-Celerator14, ev3, Irvine, California; or Traxcess14, MicroVention, Aliso Viejo, California) with the tip of the wire placed sufficiently distal to the lesion, allowing a reasonable backup for the balloon crossing the lesion. Over the microguidewire, a properly sized balloon was centered across the lesion and was inflated slowly to nominal pressure for the given diameter with a manometer. The applied balloons are listed in Table 1 . DEBs were kept inflated for 1 minute to facilitate drug penetration into the vessel wall. 16 After deflation and withdrawal of the balloon catheter, a DSA run was performed to confirm the result and to exclude vessel dissection, perforation, or distal embolization. During the first 3-4 days after the procedure, we attempted to maintain the systolic blood pressure at Յ130 mm Hg. Before discharge, all patients underwent MR imaging as well as a clinical examination. Angiographic and clinical follow-up was scheduled for 6 and 12 weeks, 6 and 12 months, and yearly thereafter. The follow-up angiography included DSA runs with projections and magnifications equivalent to those used at the original treatment. On these occasions, patients were clinically examined and specifically interviewed for intermittent transient ischemic events.
Data Collection and Analysis
Data registry included the following: age and sex of the patients; location of the target lesion; date of the stent implantation; type of the implanted stent; time between the stent implantation and the discovery of the ISR; normal vessel diameter adjacent to the target stenosis; degree of stenosis; type and actual diameter at inflation of the balloon used for dilation of the in-stent stenotic lesion; residual stenosis after dilation; occurrence, type, and severity of procedural complications; minimal in-stent diameter, and occurrence of ischemic signs and symptoms related to the treated stenosis during follow-up. Descriptive statistical methods were applied. (60%) lesions were located in the anterior and 20 (40%), in the posterior circulation. In-stent balloon dilation was indicated due to the symptomatic occlusion of the stented segment in 1 (2%) patient, a high-grade (Ն50%) in-stent stenotic lesion verified by angiography in 57 (90%) patients, recurrent neurologic symptoms attributable to the dependent vascular territory with a non-high-grade recurrent stenotic lesion in 2 (3%) patients, and rapid progression of a non-high-grade ISR in 3 (5%) patients. The severity of the significant (Ն50%) ISR was 50%-69% in 39 (68%) and 70%-95% in 18 (32%) patients. The average degree of target stenoses was determined as 63.3 Ϯ 2% before and 23.9 Ϯ 2% after the treatment.
Results
Fifty
A single balloon dilation was performed in 51 (81%) lesions, whereas ISR necessitated a second treatment in 8 lesions (13%), a third treatment in 2 lesions (3%), and a fourth and fifth additional treatment in 1 lesion each (together 3%), respectively.
Of the 63 procedures, 20 (32%) were performed by using a conventional balloon and 43 (68%) by using a DEB (Table 1) . Nineteen percent (n ϭ 8) of the interventions with a DEB were for the treatment of an ISR that had been treated previously with a conventional balloon.
The median actual balloon diameter at maximal inflation was 2.7 mm.
Technical success, defined as Յ50% residual stenosis at the end of the procedure, was achieved in all patients (100%). In 4 of 47 cases (8%), the SeQuent Please (B. Braun Melsungen, Berlin, Germany) DEB could not be navigated through the in-stent stenotic lesion and the treatment of these lesions was finally performed with a conventional balloon.
Complications
Of the 63 treatments, 59 (93.6%) were completed without any complication. Major peri-and postprocedural complications were encountered in 2 patients (3%). One patient had a fatal hyperperfusion ICH 6 hours after the otherwise uneventful procedure. Another patient had an SAH on the third postinterventional day, Hunt and Hess grade I; no treatment was initiated, and the symptoms resolved without sequelae. Access-site adverse events requiring surgery, as minor complications, occurred in 2 (3%) patients. Vasospasm requiring treatment or vessel perforation was not encountered. Thus, the combined permanent neurologic morbidity and mortality rate (stroke, ICH, and SAH) 30 days after the procedure was 1.5% (n ϭ 1).
Angiographic follow-up examinations were performed in 49 (96%) lesions. The overall average follow-up was 7.2 months, with the longest follow-up being 19 months. The average and maximum follow-up periods were 6.5 and 19 months in lesions dilated with conventional balloons and 7.5 and 14.9 months in lesions treated with DEBs, respectively ( Table 2) .
Recurrent stenosis following the in-stent balloon dilation, defined as an in-stent stenotic lesion Ն50% on the follow-up DSA series, was reached by 13 of 61 lesions (21%) after an average follow-up of 3.4 months (Fig 1) .
Substantial difference was found in the rate of recurrent stenosis following in-stent balloon dilation with conventional or DEBs, with recurrent stenosis rates of 50% and 9%, respectively (Table 2 and Fig 1) .
Discussion
Stent treatment of significant intracranial stenoses can now be performed with a high level of procedural safety and efficacy. A major drawback is, however, the high incidence of recurrent stenoses resulting from neointimal hyperplasia, which mostly appears within the first 6 months following the stent implantation and frequently shows a rapid progression. The endothelial damage, resulting from the balloon dilation and the electrochemical effects of the implanted metallic stent on the vessel wall, leads to activation of macrophages, smooth muscle cells, and fibroblasts. The activated cells induce the transformation, migration, and proliferation of myofibroblasts, which will gradually cover and thereby insulate the metallic stent struts with neointimal tissue. When this process does not stop at this stage, a rapidly progressive luminal narrowing of the stented segment occurs, finally resulting in a high-grade recurrent stenosis. 21 It remains a matter of controversy whether and when to retreat patients with ISRs. In most cases, there is a contin- Characteristics and follow-up results of in-stent stenotic lesions treated with conventional or drug-eluting uum of progressive luminal loss, which, in our experience, becomes symptomatic at the level of 70%-80% diameter reduction. After a critical threshold of luminal loss has been crossed, the retreatment becomes technically more difficult, and at the same time, the risk of hemodynamic compromise and/or thrombus formation increases. If angiographic follow-up shows progression of the intimal hyperplasia, there is little reason to expect spontaneous cessation of this process. For both native and recurrent lesions, the endovascular treatment becomes safer and more controllable if treatment is not postponed to the point when a high-grade stenosis with hemodynamic compromise devel- ops. This, in turn, may admittedly result in the treatment of patients who might have had a self-limited or very slowly progressive course of atherosclerosis. The application of coronary DESs substantially reduces the rate of recurrent stenoses. Their rigidity, however, prohibits the navigation of these stents in tortuous supra-aortic and intracranial vasculature. Moreover, concerns have been raised recently that DESs may be associated with an increased incidence of late thrombotic complications, most likely due to the prolonged endothelization process resulting from the sustained drug release. 22 The therapeutic option for progressive ISR is angioplasty with or without deployment of a second stent. The treatment of an ISR may be challenging due to difficulties in crossing the fibrous and mostly rigid neointimal plaque within the stented segment, especially when the luminal loss is advanced. The mechanical approach of redilation does not necessarily interfere with the underlying pathophysiologic process and may, therefore, result in second, third, or even more recurrences of neointimal hyperplasia and progressive luminal loss, requiring several retreatments (Fig 2) .
The current limitations of the DES technology sparked the development of novel concepts to overcome the sustained drug release from polymers of the stents. In 2004, Scheller et al 17 came up with the concept of a balloon catheter as a drug carrier. The antiproliferative drug paclitaxel is fixated with iopromide (Ultravist; Bayer HealthCare Pharmaceuticals, Berlin, Germany) as an enhancer on the surface of a regular angioplasty balloon. Paclitaxel is a potent antiproliferative agent that prevents ISR by inhibiting cell division and migration for weeks and even months, by formation of abnormally stable microtubules. 23 The physical-chemical properties of the fixation allow only minimal amounts of the drug to be washed away by the blood stream during the insertion of the balloon into the stenotic vessel segment. The drug itself is brought in close contact with the luminal surface of the vessel intima by prolonged balloon inflation for 60 seconds with approximately 16% of the substance being taken up by the adjacent intima during this period.
In-Stent Restenosis and Re-PTA
The striking more than 5-fold difference in the occurrence of ISR after angioplasty with paclitaxel-eluting balloons compared with conventional balloons indicates that this technology will have an established place in the inventory of the neurointerventionalist. Nevertheless, technical refinements are warranted. Although technical success, defined as Ͻ50% luminal narrowing at the end of the procedure, could be achieved in all cases, 8% of the SeQuent Please DEB attempts failed and those treatments were completed by using a conventional balloon. Being developed on the platform of the coronary SeQuent balloon, the DEB "SeQuent Please" is not optimized for use in intracranial vessels. The distal tip is too short and stiff, and there is not any over-the-wire variant available to date, to our knowledge.
The combined neurologic morbidity and mortality rates of 0% and 1%, respectively, at 30 days following the intervention in this series of patients is acceptable, especially considering the fact that the patient corresponding to the 1% mortality was lost due to a fatal reperfusion hemorrhage several hours after the intervention, so the complication was, thereby, not directly related to the mechanical manipulations during the procedure.
Limitations
This study has several limitations. It presents a consecutive nonselected series of patients without prospective data collection and randomization. Only 1 type of DEB currently available on the market was used in this series; therefore, differences in balloon design and drug types cannot be evaluated. The lack of a dedicated neurovascular DEB creates a bias in the comparison of technical success rates between conventional balloons and DEBs. The heterogeneity of pathophysiology (atherosclerotic, vasculitic, and so forth, stenoses) and localization (extra-versus intracranial) of the treated stenoses also limit the evaluation of the results.
Conclusions
This study provides promising, albeit preliminary, data on the effectiveness of DEBs in the treatment of neurovascular ISR. More flexible balloons with hydrophilic shaft coating are certainly needed to improve the technical success rate.
